We revisit the dynamics of the curvaton in detail taking account of effects from thermal environment, effective potential and decay/dissipation rate for general field values and couplings. We also consider the curvature perturbation generated through combinations of various effects: large scale modulation of the oscillation epoch, the effective dissipation rate and the timing at which the equation of state changes. In particular, we find that it tends to be difficult to explain the observed curvature perturbation by the curvaton mechanism without producing too large non-Gaussianity if the curvaton energy density is dissipated through thermal effects. Therefore, the interaction between the curvaton and light elements in the thermal plasma should be suppressed in order for the curvaton to survive the thermal dissipation.
Introduction
Curvaton [1] is a scalar field which is responsible for the generation of the large scale primordial curvature perturbation of the universe while does not contribute to the inflation. Recent cosmological observations show that the scalar spectral index n s is in the range n s = 0.9603 ± 0.0073 [2] , showing strong evidence for the red-tilted spectrum. In the curvaton model, the red-tilted spectrum can be explained either by the modestly steep tachyonic potential or by the large field inflation model with ε ∼ (0.01), where ε is the usual slowroll parameter [3] . A possible smoking-gun signature of the curvaton is the local-type nonGaussianity, which is characterized by the so-called non-linearity parameter f NL . Although the non-Gaussianity is not found so far and f NL is constrained severely [4] , the curvaton scenario is still a viable possibility for generating the observed curvature perturbation.
The curvaton field φ has to couple to other fields, otherwise the energy of the curvaton cannot convert to that of radiation. To be concrete, we consider the following Lagrangian
where λ and y are coupling constants, kin represents canonical kinetic terms collectively, higher denotes higher dimensional operators that may induce (tiny) decay rate Γ higher φ for φ and others indicates other interactions including the other light fields in thermal bath. χ and ψ are a complex scalar field and a Dirac fermion respectively and both are assumed to be charged under some gauge group. We take χ and ψ to be sufficiently light so that their zerotemperature mass terms can be neglected in the following discussion. The typical coupling constant of χ and ψ with other lighter fields is represented by α, which is assumed to be relatively large: λ, y ≪ α. One of the well motivated cases in our setup is the model where χ is the standard model Higgs boson. Such a scenario was studied in Ref. [5, 6] .
In usual curvaton scenarios, one often assumes that the curvaton field φ starts to oscillate with zero-temperature mass and then decays perturbatively with a constant rate. However, the actual evolution of the scalar field with interactions given in (1) in thermal environment is much more complicated. First, thermal background and/or loop corrections modify the effective potential for φ, which change the properties of the scalar field oscillation. It also drastically changes the effective decay/dissipation rate of φ, depending on the curvaton mass, oscillation amplitude, coupling constants and the background temperature. These effects on the evolution of the scalar field were studied and summarized in Refs. [7, 8] . In this paper we revisit the evolution of the scalar field in general initial values, masses, couplings and temperature in the context of curvaton scenario. To the best of our knowledge, no literatures have considered the curvaton scenario including effects from its interactions with thermal bath with a satisfactory level. Actually, those effects drastically modify the evolution of the curvaton and the resulting curvature perturbation as we will see. This paper is organized as follows. In Sec. 2 we briefly sum up ingredients needed to follow the evolution of the universe. The list of effective potential and dissipation rates and coupled equations of the energy components can be found in this section. Sec. 3 is devoted to the formulation to evaluate the curvature perturbation. In the formulation, we take the effects of general forms of effective potential and effective dissipation rate into account. In Sec. 4, we show numerical results for some typical cases. We conclude in Sec. 5.
Ingredients

Effective potential
The effective potential of φ can be approximately written as
where V tree is the tree-level potential:
and V CW is the Coleman-Weinberg (CW) potential [9] :
with h 2 χ/ψ α th,χ/ψ . The parameters g th,χ/ψ , α th,χ/ψ and h χ/ψ strongly depend on models, and hence we regard them as free parameters in this section. For simplicity, we assume h 2 χ/ψ ∼ α th,χ/ψ in the following.
Before moving to evaluation of averaged dissipation rate, there is a comment on the accuracy of our estimation. It is not easy to derive precise dissipation rates due to thermal effects, non-perturbative effects. Therefore, we focus on the order-of-magnitude estimations and drop off numerical factors.
♣2 An exception is the case in which the scalar shows a fixed-point behavior. See Sec. 3.2.
Dissipation by non-perturbative particle production
First, let us consider the non-perturbative particle production of χ and ψ. Note that the dispersion relations of χ and ψ depend on φ(t):
where the last term (λ 2 or y 2 ) indicates λ 2 for χ and y 2 for ψ. As φ(t) oscillates with a large amplitude, the adiabaticity of some modes may be broken down:
In such a situation, the particle of χ/ψ can be produced non-perturbatively. For detailed study of such a process, see Ref. [12] .
We have to comment on the effects of the quartic self interaction of φ. It can cause the non-perturbative production of φ particles and subsequent turbulence phenomena [13, 14] (and references therein). Nevertheless, we will neglect such effects as justified in App. A. Roughly speaking, the weakness of the quartic couplings of φ enables us to neglect the effects of non-perturbative production of φ particles as long as the quartic interaction dominantly comes from the CW correction. More precisely, one can show that the typical scale of nonperturbative φ particle production given by Q ≡ λρ 1/4 φ is much smaller than the typical interaction rate of χ/ψ with the thermal plasma, Q ≪ Γ th,χ/ψ ; and that the cascade of produced φ particles toward the ultra-violet (UV) regime is driven by the interaction with the thermal plasma via the quartic interaction λ 2 φ 2 |χ| 2 not by the four-point self interaction. Therefore, the background thermal plasma see the φ field essentially as the slowly varying homogeneous field. See App. A for details.
The particle production of χ/ψ is characterized by the following parameter:
where (λ 2 or y 2 ) indicates λ 2 for χ and y 2 for ψ 2 . If the condition
is met, then the following number density of χ/ψ particles are produced spontaneously at the first passage of φ ∼ 0:
The first condition k
implies that if the amplitude of φ is small compared with the effective mass of φ, the non-perturbative particle production does not occur. The second condition k 2 * ,χ/ψ ≫ m 2 th,χ/ψ implies that if thermal mass of χ/ψ is large enough to maintain their adiabaticity, the non-perturbative particle production does not occur.
After χ/ψ is produced at the origin of φ, the condensation φ increases its field value, which raises the effective mass of χ/ψ correspondingly. Then, if the condition h 2 χ/ψ (λ or y)φ ≫ m φ,eff is met, the produced χ/ψ decays well before φ moves back to the origin again.
♣3 We ♣3 Note that the parametric resonance is suppressed in this case because there are no previously produced particles which trigger the induced emissions.
concentrate on this case in the following. Through the decay of χ/ψ, the condensation φ loses its energy [15] . The effective dissipation rate of this process can be estimated as [7] 
Typically, the non-perturbative particle production stops when k * ,χ/ψ drops down to satisfy the condition k * ,χ/ψ ≃ m th,χ/ψ . After that the dissipation of φ will be caused by thermally produced χ/ψ particles which we will discuss below.
Dissipation by thermally produced χ/ψ
Then, let us study the dissipation of φ due to thermally populated particles. We will show neither the detailed computations nor the complete list of dissipation rate in the following, rather summarize the results relevant to our following discussion. For detailed calculations and discussion, see Refs. [7, 8] . See also Refs. [16] [17] [18] .
• with k * ,χ/ψ ≪ m th,χ,ψ and m φ,eff ≪ α th,χ/ψ T In this region, the oscillating φ can be regarded as a slowly moving object in the fast interacting particles of thermal bath. The time span δ t in which χ/ψ can be regarded as a massless component compared to temperature
. Within this span, χ/ψ particles are produced from thermal bath with a rate Γ th,χ/ψ = h
holds, one can say that χ/ψ is thermally produced with number density n χ/ψ ∼ T 3 within the time span δ t . Since the above inequality implies α th,χ/ψ T 2 ≫ k 2 * ,χ/ψ , the condition for the non-perturbative production given in Eq. (20) is violated if m φ,eff < m th,χ/ψ . Therefore, in this region, the φ condensation dissipates its energy dominantly via interactions with thermally populated χ/ψ particles.
The effective dissipation rates caused by thermally populated χ particles are the followings:
for thermal log, otherwise η = 1. And that caused by ψ particles are estimated as
with the same definition of η.
• with (λ or y)φ ≪ m th,χ/ψ In this region, one can safely assume that the χ/ψ particles are in the thermal bath since the amplitude of oscillating scalarφ can be neglected. Also, the non-perturbative production of χ/ψ does not occur as can be seen from Eq. (20) . The effective dissipation rates caused by thermally populated χ particles are estimated as
And that caused by thermally populated ψ particles is the following
Here we do not repeat the results in the case with m φ,eff ≪ α th,χ T for brevity. The main difference between Γ eff,small,χ φ and Γ eff,small,ψ φ is that the dissipation caused by χ particles becomes less and less efficient as the universe expands, while that caused by ψ particles remains since the Yukawa interaction allows the perturbative decay of φ into ψ particles.
In connection with this, in order for the φ-condensation to disappear solely by the quartic interaction λ 2 φ 2 |χ| 2 , H ∼ Γ φ (φ ≪ T ) should be achieved before the temperature decreases as α th,χ T m φ . This implies that if λ is larger than a critical value λ c , the φ-condensation dissipates completely solely by this term. The critical value λ c is evaluated as [8] 
with M Pl being the reduced planck mass M Pl ≃ 2.4 × 10 18 GeV. Similarly, in the Yukawa case, the φ condensation dissipates completely by the thermal effects if the Yukawa coupling is larger than the critical value
Note that even though the homogeneous φ condensation disappears solely by the quartic interaction λ 2 φ 2 |χ 2 |, the distribution of produced φ particles is still dominated by the infrared regime which is much smaller than the temperature of thermal plasma. Importantly, it is shown that whenever the homogeneous φ condensation can disappear completely, the produced φ particles soon cascades toward the UV regime due to the scattering with the thermal plasma via the quartic interaction and participates in the thermal plasma [8] .
Dissipation by other effects
When φ has a large field value: (λ or y)φ ≫ T , a higher dimensional operator induced by integrating out χ or ψ can cause the dissipation of φ condensation. The dissipation rate is estimated as [7, 19, 20] 
with b being a factor to be O(10 −3 ). In addition, as mentioned previously, we assume the higher dimensional term higher in the Lagrangian which allows a perturbative decay of φ into light particles. The decay rate induced by this term is denoted by Γ higher φ . ♣4 ♣4 Since the decay products via this higher dimensional term are in the thermal bath, the dissipation rate can be modified in general by the thermal effects when the scalar field oscillates slowly compared with the typical time scale of thermal bath. However, in that regime, the dissipation is typically dominated by the renormalizable interaction term of χ/ψ. The dissipation via the higher dimensional term dominates much later and hence one can neglect the thermal correction to this term practically.
Evolution of the Universe
In this subsection, we briefly summarize the equations which describe the evolution of the universe. The amplitudeφ(t) obeys the following equation of motion [7] :
where Γ eff φ is the oscillation averaged dissipation rate defined in Eq. (14), n 1 and n 2 are numerical factors depending on which component dominates the universe and on the effective mass of φ:
, 3 for vacuum potential with V ∝ |φ| n , 2, 21
where ID stands for the inflaton-dominated era. Until the dissipation of φ becomes comparable to the Hubble parameter, the equations for the energy density of radiation component and that of the inflaton are given by
where ρ rad is the energy density of radiation component, ρ I and Γ I denote energy density and decay rate of the inflaton, and ρ φ represents the energy density of the condensation of φ defined as ρ φ ≡ m 2 φ,eff (φ)φ 2 /2, and the last termΓ φ denotes the energy transportation from the curvaton to radiation. Practically, the last term becomes important when φ dominates the universe, and hence it can be expressed asΓ φ = Γ eff φ . ♣5 (See also Ref. [7] .) The energy density of the radiation ρ rad is related to the temperature T as
♣5 Strictly speaking, there is subtlety on the definition of energy density of φ and energy transportation from φ to radiation in the case of oscillation with thermal potential. However, in this case, the energy density of φ is at most that of one degree of freedom in thermal bath ∼ T 4 . Hence, it is merely a small change of g * and can be neglected practically within an accuracy of our estimation. In addition, in order for the curvaton φ not to produce too much non-Gaussianity, the energy density of φ when it disappears should nearly dominate the universe, that is, the curvaton has to oscillate with the vacuum potential at its decay. In this case, the energy density of φ and the energy transportation are nothing but ρ φ = m . Thus, we can neglect this ambiguity practically to estimate the curvature perturbation.
with g * being the effective number of relativistic degrees of freedom. We use that of the high temperature limit of the standard model: g * = 106.75. The decay rate of the inflation can be expressed as:
where T R is the reheating temperature of the universe. The Hubble parameter H is given by
With the equations above, we can trace the evolution of the universe. Before closing this subsection, there is one remark. Importantly, we assume that light particles thermalize instantaneously soon after they are produced from the decay of the inflaton. Otherwise the finite density correction to the dynamics of φ strongly depends on models of reheating. See Ref. [21] for the condition of instantaneous thermalization during/after reheating via a relatively small rate of perturbative decay.
Curvature Perturbation
We have seen in the previous section how the scalar field φ evolves in the early universe. Now we are in a position to estimate cosmological parameters. In order to evaluate cosmological parameters such as power spectrum ζ and non-gausianity f NL of local one, it is convenient to use the δN formalism [22] [23] [24] [25] [26] 
where ζ is the curvature perturbation and φ i is the initial value of φ and we have expanded ζ in terms of the fluctuation of
The observations show ζ ≃ (5 × 10 −5 ) 2 and f NL = 2.7 ± 5.8 (68% C.L.) [2, 4] . In our set up, the dependence of the initial value φ i on the e-folding number N from the spatially flat surface to the uniform density surface is not trivial. This is because the evolution and dissipation of φ condensation are complicated compared to ordinary simple cases where the curvaton field oscillates with quadratic potential and decays perturbatively, since we consider the case where the curvaton directly interacts and dissipates its energy into thermal bath via renormalizable interactions. As we will see, the large scale curvature perturbation is generated through many steps. (1) Fluctuations of the initial field value φ i yield fluctuations of the energy density of φ as in the ordinary curvaton model, (2) The oscillation epoch of φ may depend on φ i [27] [28] [29] , (3) The epoch at which equation of state of φ changes may also depend on the amplitude of φ, (4) The effective decay/dissipation rate of φ may also depend on the amplitude of φ. We call this "self-modulated reheating", a variant type of the modulated reheating mechanism [30] . In general cases we have encountered in the previous section, the final curvature perturbation will be determined by the combination of all these effects. In this section, we estimate ζ in general set up.
First, we assume that an entropy injection from φ condensation to the radiation occurs only once. More general cases with multi-time entropy injections will be discussed later.
Case without fixed point
We consider the three stages of the universe separately: the start of the oscillation of φ, just before the decay, and after the decay. We focus on the time slicing with the constant ρ φ surface. We set N φ as the e-folding number from the spatially flat surface to the constant ρ φ surface. Then, we define ζ φ as
with bar indicates a spatial average. It is conserved once the equation of state of φ is fixed. We also consider the time slicing with the constant ρ oth which denotes the total energy density except φ. We will refer to this surface as the uniform density slice of others (uds-o). We define ζ int for this time slicing with the same way to that of ρ φ . We neglect ζ int by assuming that the inflaton obtains negligible curvature perturbation.
After φ-oscillation
We assume ρ φ ∝ a
) with a being the scale factor of the universe. We can express ρ φ on uds-o in terms of constantρ φ and ζ φ :
Then,
It is expanded as
where 
where w (osc) φ and w tot are the equation of state of φ just after the oscillation and the inflaton before the reheating (w tot = 0 if the inflaton oscillates around the quadratic potential), respectively, and H os ( x) is the Hubble parameter at the beginning of oscillation. If the potential of φ deviates from the quadratic one, H os can depend on the initial field value of φ. Therefore, we obtain
at the leading order in δρ
and δH os . In more general situation, the equation of state of φ may change at some epoch. For example, it may be the case that the quartic potential dominates at first and then the quadratic term becomes dominant. Let us suppose that w φ changes from w
By using this, we can express δH w ( x) in terms of δρ
where
up to the second order in these quantities. Then, from the following equation,
we obtain δρ ♣7 We assume that the inflaton decays into radiation after H = H w but before φ decays.
More conveniently, from (45), ζ φ is expressed in non-linear form as
Furthermore, since ρ
and H os generally scale as some powers of φ i , we can also express ζ φ as
with k being a scenario dependent constant of order unity in general. For the quadratic potential, k = 2. For more general cases, we summarize the calculation methods in App. B.
Before φ-decay
Let us take the φ-decay surface,
We define δN 1 as the e-folding number from the constant ρ φ surface at which ρ φ ( x) =ρ φ to the φ-decay surface:
By solving this equation, we obtain
at the leading order, where
They satisfy R φ + R r = 1.
Here and hereafter, we consider a rather general form of the dissipation rate, that is, Γ φ depends on φ( x) itself and the temperature T ( x) as
where p = m + qn with φ ∝ a(t) −q . δΓ φ should be written by ζ φ , and hence δN 1 can be expressed solely by ζ φ .
To do so, let us take four slices. (a) φ-decay surface where Γ We have following relations:
From (63) and (64), we obtain
From (65) and (67), we obtain
as expected. ♣8 Moreover, by using (66) and (68), we obtain
Substituting (69) into (58) and solving it self-consistently order by order, we obtain
at the leading order and
at the second order in ζ φ .
♣8 One can easily show that this ζ φ coincides with (45).
After φ-decay
Finally, let us take the uniform density surface after φ-decay, where only the radiation exists.
We define δN 2 as the e-folding number from the φ-decay surface to the uniform density surface:ρ
Hence we obtain
Then from (69), we find
Curvature perturbation
The curvature perturbation ζ evaluated well after the decay of φ is equal to the e-folding number from the spatially flat surface to the uniform density surface, according to the δN formalism. The resulting curvature perturbation is thus given by
At the leading order, it is given by
It is seen that the curvature perturbation is proportional to R φ and the effect of self-modulated reheating vanishes for w (dec) φ = 1/3, as expected. By substituting (69), we obtain
at the leading order, and
at the second order in ζ φ . Now, let us evaluate power spectrum ζ and non-gausianity f NL in terms of p, m, w
, k which is defined in (57) and r, that is defined as
The power spectrum can be written as
The non-linearity parameter f NL has the following form
with
In most cases including the cases which we deal with, A (−1) is a factor of order unity, hence we have f NL ∼ 1/r for r ≪ 1 as in the ordinary curvaton model. However, there may exist a situation in which A (−1) = 0 keeping ζ ∼ 5 × 10 −5 , that relaxes the constraint on a curvaton scenario drastically.
Case with fixed point
In general, the dissipation rate of φ depends onφ and T . There are some cases in which the dissipation becomes ineffective before the φ condensation disappears. For example, the dissipation rate caused by χ particles may have the form given in (24) . If the dissipation rate becomes comparable with H duringφ ≫ T /λ,φ will soon decrease toφ ∼ T /λ. After that, the dissipation becomes ineffective if φ oscillates with the zero-temperature mass. Eventually, φ disappears via the dissipation/decay. For such a case, we can define r for the each epoch at which Γ ∼ H and the dominant contribution to the curvature perturbation comes from the epoch of dissipation with maximal r.
There are some exceptions in which the dissipation fixesφ to a certain value depending only on T . For example, if φ oscillates with quartic potential after the dissipation caused by χ particles makesφ ∼ T /λ, theφ will be fixed to H ∼ Γ. This is because the dissipation rate behaves Γ ∝φ 2 T −1 , which drops down more slowly than H if φ oscillates with quartic potential. In such a case, the curvature perturbation is determined at the time when φ is fixed. This is true even if φ dominates the universe after the time of fixing. We will call this point as fixed point. As you will see in the section 4, φ can be actually trapped at the fixed point in the region of relatively high T R and φ i .
Case Study
In this section, we consider the viability of the curvaton scenario taking all the effects described so far into account. In particular, we estimate R defined below for some typical cases,
which characterizes the properties of φ as a curvaton. Once we assume that the curvaton is a dominant source of the observed density perturbation, we needR 0.1 in order to avoid too large non-Gaussianity. In addition, we will check whether φ comes to be trapped at the fixed point or not. If φ is once trapped at the fixed point, generallyR ≪ 1 holds at the time of fixing. Therefore, such a region is not allowed. In order for the curvaton field φ to generate the observed power spectrum ζ in Eq. (40), the Hubble parameter during inflation, H * , is fixed to be
where the second inequality comes from the condition that the amplitude of tensor mode should not be too large. On the other hand, H * must be greater than H os , which is the Hubble parameter at the onset of φ oscillation, otherwise φ starts to oscillate during or before the inflation. Thus, we impose a following condition:
We have checked these conditions (90,91) in the numerical study.
y = 0 case
First, we consider the situation in which there are no effects from fermion ψ i.e. y = 0. In such a case, the scalar condensation φ can not completely disappear if the coupling λ is smaller than the critical value λ c because Z 2 symmetry forbids the perturbative decay of φ. Therefore, we assume non-zero Γ higher φ for φ to obtain small but nonzero perturbative decay rate. In order to see the typical situation, we assume the following form of Γ
with a decay temperature T dec ∼ (1) MeV. This ensures that φ condensation decays before Big-Bang Nucleosynthesis (BBN). Thus, for small λ in which φ condensation cannot be dissipated away, our calculation gives the upper bound toR. We take following values for other parameters: g th,χ = 0.5, α th,χ = 0.05, α
For the renormalization scale Q, we take Q = 100 GeV. This set up is close to the minimal higgs curvaton model [6] . The remaining parameters are the reheating temperature of the universe T R , the tree-level mass m φ and the coupling constant λ. Fig. 1 shows contours ofR on (φ i , λ) plane. We take (m φ , T R ) = (10 3 TeV, 10 9 GeV) (top), (m φ , T R ) = (1 TeV, 10 9 GeV) (middle), (m φ , T R ) = (1 TeV, 10 3 GeV) (bottom). In the pink shaded region, the condition (90) is violated.
One can see thatR ∼ 1 can be realized just below the line of λ ∼ λ c . This fact is easily understood because if λ > λ c , the condensation φ is dissipated andR becomes suppressed, while if λ ≪ λ c , the condensation survives until it decays via the higher dimensional term. Therefore, the line ofR ∼ 1 exists just below λ = λ c . The difference between top and middle figures mainly comes from the position of the line λ = λ c . For smaller T R , φ oscillates in the inflaton dominant era for a long time andR tends to be smaller. The fixed point behavior is not realized in the parameter regions we considered.
Now we consider more general case i.e. y = 0. We take following values for the parameters: g th,χ/ψ = 0.5, α th,χ/ψ = 0.05, α
For the renormalization scale Q, we choose Q = 100 GeV. If we set λ = y, the quartic potential of φ coming from the CW correction vanishes and we call this supersymmetric (SUSY) case. If y > λ, the quartic potential of φ becomes unstable at the large field value and we do not consider such a case. We take Γ higher φ = 0 for simplicity, because the non-zero Yukawa coupling y typically dominates the perturbative decay rate of φ unless y is extremely small. Fig. 2 shows contours ofR in the SUSY case λ = y. We take (m φ , T R ) = (1 TeV, 10 9 GeV) (left) and (10 −6 TeV, 10 9 GeV) (right). In the pink shaded region, the condition (90) is violated. The gray region shows where fixed point phenomenon is realized, although the most of these regions violate the condition (90). Since the Yukawa coupling induces the earlier dissipation/decay compared with the y = 0 case, the energy fractionR tends to be smaller. Hence the constraints become severer. The contours ofR in the figure are relatively curved in the upper side and tend to have large values compared with the previous case y = 0. This is because thermal potential is more likely to affect the dynamics of the condensation of φ in the SUSY case and because the absence of four point self interaction delays the beginning of oscillation, respectively. As in the previous case, above the critical coupling y c , the curvaton dissipates its energy thermally. For a relatively smaller m φ , the fixed point phenomena tend to be realized as the thermal potential dominates the dynamics. Fig. 3 indicates contour ofR for general set of (λ, y) with with φ i = 10 16 GeV. We set (m φ , T R ) = (1 TeV, 10 9 GeV). Similar to the case of y = 0, the line ofR = 1 lies a bit below λ = λ c . This figure indicates that the SUSY effects appear at the vicinity of y = λ. 
Summary
In this paper we have revisited the curvaton model taking account of the curvaton interactions with other light species. The curvaton dynamics can be drastically modified compared with the ordinary scenario in which the curvaton oscillates with quadratic potential and decays perturbatively at the late epoch. Most importantly, the curvaton energy density at its decay/dissipation strongly depend on the curvaton initial field value, potential, coupling constants and background temperature. Moreover, in general, the resulting curvature perturbation is complicated because:
• The oscillation epoch of φ may depend on φ i .
• The epoch at which equation of state of φ changes may also depend on the amplitude of φ.
• The effective decay/dissipation rate of φ may also depend on the amplitude of φ.
We have considered all these effects and derived the cosmological evolution of the curvaton and its viability to explain the observed curvature perturbation of the universe. As is well known, in order to avoid too large non-Gaussianity, the curvaton energy fraction at its decay epoch must be close to one. This means that the curvaton is not likely dissipated by thermal effects. In other words, the curvaton should survive the thermal dissipation, and hence the interaction between the curvaton and thermal plasma via the renormalizable quartic/Yukawa terms should be suppressed. In fact, it is shown that there is an upper bound on the renormalizable coupling, y or λ, from the constraints on the non-Gaussianity and the tensor mode.
A.1 Non-perturbative production of φ particles and turbulence
Aside from the quartic (Yukawa) interaction λ 2 φ 2 |χ| 2 ( yψψ) in Eq. (1), there is a possible source that drives the φ condensation towards a higher momentum, that is, the four point self interaction of φ itself induced by the one loop effect. In order to compare the dynamics via four point interaction with that of quartic/Yukawa one discussed in Sec. 2.2, let us clarify its effect and typical time scale. For that purpose, we consider the following potential motivated by the CW potential:
Here we omit the loop factor for simplicity. ♣9 We assume λ is relatively small such that α ≫ λ with the thermal width of χ being Γ th,χ = αT if χ participates in the thermal plasma.
In the following discussion, we assume φ has initially large amplitude. Such a case is well studied for example in [13, 14] and we follow their discussion. According to [14] , the typical scale Q is written as
Since the Floquet index is roughly given by µ ∼ Q, the non-perturbative production of φ particles occurs during t Q −1 log λ −4 , and then energy density of them becomes compatible to that of condensation at t NP ∼ Q −1 log λ −4 . At that time, the amplitude of φ is changed by factor not order.
After that, the distribution function obeys the self-similar behavior which is referred to as turbulent phenomena. The distribution function of high momentum mode with p ≫ Q and low momentum mode with p ≪ Q evolve in different ways, which is dubbed as a dual cascade [14] and characterized by different exponents κ of distribution function, f (p) ∝ (Q/p) κ .
• For low momentum modes (p ≪ Q), an inverse particle cascade toward infrared takes place, which is driven by the number conserving interactions among the soft sector (p ≪ Q). ♣10 The exponent is given by κ M = 4/3 for f (p) (1/λ 4 ). In terms of perturbative kinetic picture in λ, the stationary particle flow driven by the four point interaction implies this exponent [13] . For ultra-soft modes f (p)
(1/λ 4 ), the exponent is turned out to be more stronger: κ S = 4 [14] . This is because the perturbative expansion in λ is broken down and we have to consider many other processes nonperturbatively. In the case of N 2 with O(N )-symmetric scalar field theory, in terms of the 1/N expansion, it is shown that the anomalous exponent κ S = 4 can be understood as the consequence of momentum dependent effective coupling λ eff (p) ∼ p 2 [14] .
We assume λ ≫ y to stabilize the effective potential. ♣10 Though the exact zero mode will decay by a power law with φ 0 (t) ∼ Q(Qt) −1/3 [13] , the particles are still condensed in low momenta regime and phenomenological consequence is not clear. Therefore, we simply regard such a condensation below p ≪ Q as a zero mode effectively in the following. In addition, even if the effective zero mode may decay with this power low, the change of exponent fromφ ∝ a −1 can be neglected practically in our case since the scalar disappears before this difference becomes significant.
• For high momentum modes (p ≫ Q), an energy cascade toward ultraviolet (UV) takes place, which is driven by the effective three point interaction for hard modes: φ(hard)+ φ(hard) → φ(soft) + φ(hard). It is characterized by the Kolmogorov exponent κ H = 3/2 and the stationary energy flow towards UV implies this exponent [13] . The distribution function obeys the following self-similar evolution: f (t, p) = (Qt) α f s ((Qt) β p) with α = 4β and β = 1/(2n − 1) for a n-point interaction. Hence one finds (α, β) = (4/5, 1/5) in this case. The maximum momentum p max ≡ Q (Qt) β which has dominant energy density grows higher and higher.
where Γ par φ (φ) is oscillation averaged dissipation rate defined as
One can see that the dissipation rate of particle Γ par φ and that of condensation (14) are the same order.
B Estimation of k
In this appendix, we give a formula for evaluation of k which is defined in (57) with general set up. We assume thatφ, which is the amplitude of φ, and the total energy density other than φ, which we denote by ρ oth , have power low dependences on the scale factor as
with R being the scale factor. 
with α and β being some constants and M being a mass scale, which is assumed to be a constant. With these assumptions, we can estimate k.
To be more general, we assume that the power law index a or b change N times from the start of φ oscillation to its decay. The condition of n-th transition (1 ≤ n ≤ N ) can be written as We can define the time slicing, which satisfy the n-th transition condition and we will call the surface n-th surface. We set the condition of onset of the oscillation to be ρ othφ α 0 = M 4+α 0 0 and call it 0-th surface. We also take N + 1-th surface at the time just before decay with the condition ρ oth = M 4 N +1
. The time evolution ofφ and ρ oth from n − 1 slicing to n slicing is assumed to be the following formφ ∝ R −a n ,
Now we have fixed all components needed to estimate k. Suppose that at n − 1-th surfaceφ and ρ oth are depend on φ i asφ 
with R n−1 being the scale factor at n − 1-th slice. Using the condition (111), one can obtain R n R n−1 ∝ φ A n−1 α n +B n−1 β n a n α n +b n β n i ≡ φ
φ n ∝ φ A n−1 −a n C n i ,
ρ n,oth ∝ φ
Thus, what we have to do is just to solve the following series A n = A n−1 − a n C n ,
C n = A n−1 α n + B n−1 β n a n α n + b n β n ,
with initial condition A 0 = 1, B 0 = −α 0 . Then, k can be obtained as
where we assume the form of energy density just before decay as ρ φ ∝φ 
